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A B S T R A C T
Objectives: Biomechanical and psychosocial occupational exposures are seldom considered
simultaneously and over extended follow-up in occupational epidemiologic studies,
although there is some evidence that combined exposures have interactive effects on
workers’ health during working life. Given high prevalence of functional disability among
retirees, research on earlier-life determinants of subsequent functional outcomes can help
shape workplace policies and practices. This study investigates whether health effects of
combined occupational exposures during working life are observed after individuals retire
and are no longer exposed.
Methods: Analyses were conducted among retirees in the French GAZEL occupational
cohort (n = 9168). Cumulative exposure during working life to eight biomechanical strains
and to one or more reports of psychosocial job strain (high-demand, low-control work)
were assessed as predictors of three outcomes: difﬁculty with physical functioning, role
limitations due to physical difﬁculties, and bodily pain. Individuals were classiﬁed by joint
exposure to both biomechanical and psychosocial constraints. We modeled risk ratios (RR)
between exposure to biomechanical and psychosocial factors at work (separately and in
combination) and disability after retirement, and we calculated the relative excess risk due
to interaction (RERI) to test whether combined effects departed from additivity.
Results: Both psychosocial and biomechanical exposures during working life were
independent predictors of the three functional health outcomes. Compared with
individuals who had neither biomechanical nor psychosocial exposures, in fully adjusted
log-binomial models of the combined effects of biomechanical and psychosocial exposure,
among those with low biomechanical exposures, the RR for physical functioning difﬁculties
associated with psychosocial exposures was 1.18 (95% CI 1.01, 1.37). Among those with the
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Functional status and capacity are major predictors of
quality of life and mortality among the elderly (Newsom &
Schulz, 1996; Reuben, Rubenstein, Hirsch, & Hays, 1992).
There has been much research into midlife determinants of
functional health in later life; pathways under investiga-
tion include chronic diseases (diabetes, arthritis, and
cardiovascular disease) (Hung, Ross, Boockvar, & Siu,
2011) and health behaviors such as smoking and obesity
(Sainio, Martelin, Koskinen, & Helio¨vaara, 2007). There is
evidence that biomechanical and psychosocial occupa-
tional exposures are associated with functional health
during working life. However, there is only a small body of
research regarding the relationship between these expo-
sures and physical and mental impairment in retirement,
decades after exposures may have occurred (Calmels et al.,
1998; Descatha et al., 2011; Wahrendorf et al., 2012).
Given high prevalence of disability among the elderly
(Seeman, Merkin, Crimmins, & Karlamangla, 2010), exam-
ination of prior occupational risk factors for late-life
disability is well-warranted, especially as life course
models of health suggest that cumulative exposures over
the life course may have profound impacts on health at
older ages (Ben-Shlomo & Kuh, 2002; Kuh, Ben-Shlomo,
Lynch, Hallqvist, & Power, 2003). Thus, modifying work
environments may help prevent initial pathologies, inter-
rupting a pathway through which individuals may become
disabled later on. Furthermore, in analyses of both short-
and long-term health effects of occupational exposures,
hazards are often studied and treated individually. Yet the
reality of most workplaces is that exposures do not occur in
isolation, and risk factors often cluster with each other
(MacDonald, Karasek, Punnett, & Scharf, 2001). Although
examination of individual hazards is important for
establishing causal relationships, to understand the
potential health impact of co-occurring exposures, we
must also assess potentially interactive, joint effects of the
exposures.
Two or more occupational exposure types could have
interactive effects on functional health outcomes in many
ways; for example, among workers with high levels of
biomechanical load, a workload too high to complete in the
time allotted (high psychological demands) can increase
risk for repetitive-strain injuries by reducing recovering
time between physical tasks. Indeed, studies of combined
effects of biomechanical and psychosocial exposures have
found suggestions of interactive effects on short-term
outcomes, such as concurrent prevalence of upper limb
and neck disorders (Devereux, Vlachonikolis, & Buckle,
2002) and back disorders, although evidence is mixed
(Devereux, Buckle, & Vlachonikolis, 1999; Huang, Feuer-
stein, Kop, Schor, & Arroyo, 2003; Vandergrift, Gold,
Hanlon, & Punnett, 2012). These studies, while establishing
the plausibility of interaction between exposure types, are
mostly cross-sectional or use short-term health outcomes.
While research has thus considered biomechanical and
psychosocial exposures as independent predictors of post-
retirement health outcomes, and studies have tested
whether the two exposure types have interactive effects
on short-term health outcomes, the long-term interactive
effects of these exposures has yet to be explored or
established. The present study seeks to examine how
individual and combined psychosocial and biomechanical
occupational exposures during working life jointly predict
disability after retirement. We hypothesized that bio-
mechanical and psychosocial exposures would separately
predict future disability, and that, when considered
simultaneously, the two exposure types would be interac-
tive, such that those exposed to both would have worse
outcomes than expected, based on the sum of the
relationships between each individual exposure and
disability outcomes.
2. Methods
2.1. Study population
The GAZEL Cohort, established in 1989, is a prospective
cohort study of 20,625 employees of the French national
gas and electricity company (Electricite´ de France-Gaz de
France/EDF-GDF). Each year individuals ﬁll out a self-
report questionnaire regarding occupational, health, and
social factors. Further information about the cohort can be
found elsewhere (Goldberg et al., 2007; Zins, Leclerc, &
Goldberg, 2009). Of the original cohort, 19,411 were alive
in 2007. We retained for analysis those who retired
between 1995 and 2006. We did this in order to capture
those who were working when exposures were assessed in
the 1995 and 2006 surveys, but who were no longer
accruing exposure when outcomes were assessed in 2007.
This excluded 1911 individuals who retired pre-1995 and
1500 who retired in 2007 or later. Of the 16,000 eligible
workers, 9674 (60%) had complete exposure and outcome
highest levels of biomechanical exposures, RR was 1.42 (95% CI 1.21, 1.65) among those
with low psychosocial exposures and 1.91 (95% CI 1.61, 2.26) among those with high
psychosocial exposures. The two exposure types were modestly super-additive, with an
RERI of 0.32 (95% CI 0.00, 0.62) between those with the highest and lowest levels of
biomechanical exposures; if the effects were strictly additive, we would have expected an
RERI of 0. For the other two outcomes results were similar, although there was no
signiﬁcant departure from additivity. Some effects varied in magnitude by gender.
Conclusion: Across the sample, combined biomechanical and psychosocial occupational
exposures during working life appear to have additive or perhaps interactive effects on
functional health in retirement. However, the relationship is less straightforward among
women. Improving overall working conditions may lessen future disability among
retirees.
 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.
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red in 1995 (unable to walk 2–3 km and climb stairs)
 thus who had already developed the outcome of
rest at baseline, 9168 were included in the sample. An
antage of the GAZEL cohort for this type of study is that
EDF-GDF, retirement age is statutory and calculated
ording to lifetime job history; thus, there is little risk of
lth selection into retirement.
 Physical functioning outcomes
In the 2007 self-report survey, participants completed
 validated French version of the SF-36 (Leple`ge, Ecosse,
dier, & Perneger, 1998). The SF-36 is a 36-item measure
eneral mental and physical health status. It contains
r subscales measuring physical health (physical func-
ing, role limitations due to physical difﬁculties, bodily
n, and general health status) (Ware & Sherbourne,
2). Of the physical health subscales, we used the three
st strongly associated with disability in known-groups
idation (Ware & Gandek, 1998): physical functioning
; 10 items), role limitations due to physical difﬁculties
; 4 items), and bodily pain (BP; two items). Each item
 three response choices – very limited, somewhat
ited, not limited, corresponding to a score of 1, 2, or 3 –
ich, for each subscale, were added to create a raw score
 then transformed linearly to convert each raw score to
–100-point range, in accordance with the scoring
vention of this scale (Leple`ge, Ecosse, Coste, Pouchot, &
neger, 2001). Higher scores corresponded to higher
els of functioning, and those in the bottom 25% of the
ulation distribution in each subscale were labeled as
paired,’’ which corresponded to a score of less than 85/
 for PF, 75/100 for RL, and 52/100 for BP. These
centiles are equivalent by age group to the French
ulation on which the scale was validated (Leple`ge et al.,
1). Sixty-two percent of individuals had impairments
one of the PF, RL, or BP domains, 21% had impairment in
, 11% in two, and 6% in three.
 Biomechanical exposure
In 2006, individuals were asked to retrospectively
mate the duration of their career-long exposure to
ht biomechanical strains: (1) carrying heavy loads, (2)
rking in crouching positions, (3) working on one’s
e’s; (4) working regularly or in a prolonged manner
h one or both arms above the shoulders, (5) repeatedly
ding forwards or backwards, (6) carrying loads on the
ulder, (7) climbing 10+ ﬂights of stairs per day, and (8)
ing 2+ hours a day, excluding commute. For each item,
ticipants estimated years exposed as zero, 1–10, 11–20,
ore than 20. To calculate total exposure to across the
eer, we set each category as the midpoint of the number
ears of exposure in that class (0, 5, 15, and 25 years,
pectively) and summed the ‘‘exposure-years’’ to bio-
chanical strain in order to create a continuous score
ge: 0–200). This follows the convention of prior
lyses of this data, which found that this quantitative
mate of years exposed was the most appropriate
pared with several other methods tested (Plouvier,
Leclerc, Chastang, Bonenfant, & Goldberg, 2009; Plouvier,
Renahy, Chastang, Bonenfant, & Leclerc, 2008). Individuals
were tertiled into 0–5, 6–34, or 35 or more exposure-years.
2.4. Psychosocial exposure
Psychosocial exposures were assessed using the modi-
ﬁed (1995) or full (1997, 1999) French version of the
Karasek job content questionnaire (JCQ) (Niedhammer,
2002). The JCQ is a self-report tool designed to assess
exposure to decision latitude (control) and psychological
demands. The combination of high demands and low
control (‘‘job strain’’) is considered most detrimental to
health (Karasek, 1979; Karasek et al., 1998). Job strain has
been associated with numerous short- and long-term
health indicators, including sickness absence (Bourbonnais
& Mondor, 2001), cardiovascular disease (Kivimaki et al.,
2002; Kuper & Marmot, 2003), and depression (Bonde,
2008). To calculate job strain, we dichotomized demand
and control subscales at the median and classiﬁed those
with high demands and low control as high-strain. Any
individual reporting high-strain work in the 1995, 1997, or
1999 surveys was classiﬁed as exposed. We chose to use
‘‘ever reported high-strain work’’ as the metric because
45% of participants retired between 1995 and 1999; as only
non-retired individuals could answer the Karasek ques-
tions, a count of times reporting high strain would be
misleading because older workers would systematically
have lower counts due to earlier statutory retirement. We
refer to those who ever reported high-strain work as
having high psychosocial exposures, and those who never
reported such constraints as having low psychosocial
exposures.
2.5. Combined exposure
To test the combined effects of biomechanical and
psychosocial exposures, we created a six-level categorical
variable that quantiﬁed combined exposure to the two
exposure types. Exposure to each level of biomechanical
exposure (low, moderate, high) corresponded to the tertile
of total exposure-years for biomechanical strains. Expo-
sure to psychosocial exposures (low, high) corresponded to
reporting one or more instances of high-strain (high-
demand, low-control) work. Categories of the six-level
combined variable were: low biomechanical exposure
with low and with high psychosocial exposure, moderate
biomechanical exposure with low and with high psycho-
social exposure, and high biomechanical exposure with
low and with high psychosocial exposure. The reference
group for the combined-exposure variable was low
exposure to both biomechanical and psychosocial expo-
sures.
2.6. Covariates
We adjusted for several plausible confounders of the
association between occupational exposures and physical
disability: sex, age (continuously by year of birth), and a
mid-career measure of occupational grade (at age 35;
executive, mid-level professional including foremen,
E.L. Sabbath et al. / Advances in Life Course Research 18 (2013) 235–243238clerks [white-collar], and manual workers [(blue-collar]),
extracted from EDF-GDF company records. Education was
self-reported at GAZEL baseline and dichotomized into
higher attainment (secondary school and above) and lower
attainment (below secondary school). Missing values for
occupational grade at 35 (n = 22) were replaced with the
modal value.
2.7. Analytic methods
We used log-binomial regression with a log link and
ﬁxed scale parameter to model risk ratios (RR). We used
log-binomial instead of logistic regression because our
outcome (by design) was prevalent in 25% of the
population, and the odds ratio (produced by logistic
regression) approximates the risk ratio (produced by
log-binomial regression) only when the outcome is rare
(<10% of the population) (Zhang & Yu, 1998). We ﬁrst
tested the effect of exposure to each tertile of biomechani-
cal exposures on each of the three SF-36 subscales; we then
tested effects of high exposure to job strain on outcomes;
and ﬁnally tested combined effects using the composite
variable described previously. We calculated crude models
and then adjusted for age, sex, education, and occupational
grade. We tested for deviation from multiplicativity by
including interaction terms in log-binomial models.
However, given that models are on a logarithmic scale
and are therefore already multiplicative, we also estimated
departure from additivity. Departure from additivity is
considered a more meaningful metric for interaction from
a public health perspective, as it represents excess risk, or
the proportion of population disease beyond what each
hazard would have contributed separately (Richardson &
Kaufman, 2009). To quantify departure from additivity, we
calculated both relative excess risk due to interaction
(RERI) using the formula RR1,1 RR0,1 RR1,0 + 1, where
each RR represents the RR in a joint-exposure stratum and
the subscripts represent presence or absence of high
biomechanical and psychosocial exposures respectively
(Hosmer & Lemeshow, 1992; Richardson & Kaufman,
2009). An RERI greater than zero indicates excess risk in
the combined-exposure group over and above what would
be expected if effects were strictly additive. For this
analysis, we omit participants in the middle tertile of
biomechanical exposure in order to compare those with
the highest and lowest exposure, as has been done by other
authors (Kabadi, Lee, & Liu, 2012). We used a likelihood-
based bootstrap with 1000 resamplings to generate
conﬁdence intervals around the RERI using established
methodology (Nie, Chu, Li, & Cole, 2010). Finally, given
evidence that both types of occupational exposures may
have a) different measurement validity and b) different
health effects in men and women (Kennedy & Koehoorn,
2003; Vermeulen & Mustard, 2000), we stratiﬁed the
sample by gender and repeated the preceding analyses.
All analyses were conducted using SAS version 9.2 (SAS
Institute, Cary, NC). Approval for GAZEL was obtained by
the French national committee for data privacy (Commis-
sion Nationale Informatique et Liberte´s); our study was
conducted with the approval of the human subjects
committee at INSERM. Written informed consent was
provided by all GAZEL participants at cohort inception
(1989).
3. Results
The ﬁnal sample included 9168 participants; 7328 were
men and 1840 were women. As shown in Table 1,
distribution of biomechanical exposures differed by
gender; 26% of men had the lowest levels of exposure
versus 75% of women, while 43% of men and 3% of women
had the highest level of exposure. However, women were
more likely to have high psychosocial exposures (36%)
than men (25%). The mean time elapsed between
retirement and outcome assessment was 7.2 years (SD
2.6) for men and 6.3 years (SD 2.7) for women. Women
were generally younger than men and had been retired for
a shorter amount of time, in accordance with the sampling
method used to assemble the original cohort.
In combined-exposure metrics, women were more
likely than men to have high psychosocial but the lowest
level of biomechanical exposures (27% versus 5% respec-
tively), while men were more likely than women to have
the highest level biomechanical exposures but not high
psychosocial exposures (30% versus 2%, respectively)
(Table 2).
Table 3 shows effects of individual and joint exposures
on functional health outcomes. In models adjusted for age,
sex, educational attainment, and occupational grade at 35,
there was a monotonic relationship between tertiles of
exposure to biomechanical strains and each outcome, with
all tertiles statistically signiﬁcant at conventional levels
across all outcomes. Compared to participants in the
lowest tertile of lifetime exposure to biomechanical
strains, those in the second tertile of exposure had RR
for physical functioning difﬁculties (PF) of 1.24, while
those with the highest levels of exposure had an RR of 1.52
(95% CI 1.33, 1.74). A similar pattern was observed for role
limitations (RL) and bodily pain (BP). For all three
outcomes, the magnitude of estimated effects increased
upon adjusting for sociodemographic factors.
In examining the effects of high psychosocial exposures
on functional health outcomes, those with exposure to job
strain had an adjusted risk ratio of 1.30 (1.18, 1.43) for PF,
1.35 (1.23, 1.48) for RL, and 1.23 (1.14, 1.32) for BP. These
effect estimates were slightly attenuated from crude
models but remained statistically signiﬁcant.
Joint exposure to both high psychosocial and high
biomechanical strains generally was associated with
greater risk for disability than exposure to only one type
of strain (Table 4). In fully adjusted models testing
combined exposure, within each tertile of biomechanical
exposure those who were exposed to high psychosocial
strains had a greater risk for subsequent disability than
those who were exposed to that level of biomechanical
exposures but had low psychosocial exposure. For exam-
ple, those with moderate biomechanical and high psycho-
social exposures had a RR for PF of 1.56 (1.33, 1.83),
compared to 1.18 (1.02, 1.35) for those with moderate
biomechanical but low psychosocial exposure. Those with
high biomechanical and high psychosocial exposures had a
RR of 1.91 (1.61, 2.26), compared with 1.42 (1.21, 1.65) for
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We tested for departure from multiplicativity by
luding an interaction term that was the product of
mechanical and psychosocial exposures and found that
y were not signiﬁcant in fully adjusted models (p = 0.39
PF, 0.67 for RL, 0.56 for BP). We then tested for deviation
 additivity by calculating the RERI and associated 95%
ﬁdence interval using a bootstrap. We found marginal
dence that effects of high biomechanical and psychoso-
 exposures were more than additive for physical
ctioning difﬁculties (RERI 0.32, 95% CI 0.00, 0.62). This
 be interpreted as, for those with both high biomechan-
 and high psychosocial exposures, the RR for physical
ctioning difﬁculties is 0.32 higher than if there were no
raction between the two exposure types beyond an
itive effect. However, there was no suggestion of
arture from additivity for RL or BP. In other words, risk
ociated with joint high exposure to biomechanical and
chosocial strains are approximately the sum of the
cts of each exposure.
In Table 5, we present results of gender-stratiﬁed
lyses of separate and joint exposures. We ﬁrst
mined the independent effects of biomechanical and
chosocial strains on post-retirement disability. For low
 moderate biomechanical exposure, the nature of the
rall relationship between tertiles of exposure to
biomechanical strains was similar for men and women,
but the magnitude of effects of biomechanical exposure on
each type of disability tended to be higher for women than
for men. None of these gender differences were signiﬁcant
at the lower exposure levels. However, there was a
signiﬁcant difference between women and men for
physical functioning limitations associated with high
exposure to biomechanical strain, with non-overlapping
conﬁdence intervals between men (RR 1.40, 95% CI 1.19,
1.65) and women (RR 2.10, 95% CI 1.66, 2.66). Conversely,
for psychosocial exposures, both women and men who
experienced high exposure tended to have greater risk of
disability compared to those who were not exposed, but
gender differences were not signiﬁcant.
We next considered the effect of combined exposure to
biomechanical and psychosocial strains on disability
outcomes, stratiﬁed by gender. Across each of the three
disability outcomes, within gender and levels of bio-
mechanical exposure, risk tended to be higher among
those who also had high psychosocial exposures (with a
few exceptions), though none of these differences were
signiﬁcant. In the highest biomechanical exposure tertile,
gender patterns were most divergent. For the PF outcome,
women with high biomechanical but low psychosocial
strains had a RR of 2.26 (95% CI 1.68, 3.02), whereas men
with the same exposure proﬁle had an RR of 1.31 (1.09,
1.57). Among those with both high biomechanical and high
le 1
ribution of sociodemographic and primary exposure characteristics in sample (n = 9168).
etric N (%) Men (n = 7328) (%) Women (n = 1840) (%)
rson-years of biomechanical exposure
Low: 0–5 years 3303 (36%) 1923 (26%) 1380 (75%)
Moderate: 6–34 years 2689 (29%) 2288 (31%) 401 (22%)
High: 35+ years 3176 (35%) 3117 (43%) 59 (3%)
ychosocial exposure (job strain)
Unexposed (0 instances) 6700 (73%) 5530 (75%) 1170 (64%)
Exposed (1 or more instances) 2468 (27%) 1798 (25%) 670 (36%)
ucational attainment
Less than secondary school 5226 (57%) 4213 (57%) 1013 (55%)
Secondary school and above 3942 (43%) 3115 (43%) 827 (45%)
cupational grade at 35
Executive 1445 (16%) 1314 (18%) 132 (7%)
Professional/foreman 5241 (57%) 4264 (58%) 977 (53%)
Clerk/white-collar 1093 (12%) 373 (5%) 720 (39%)
Manual/blue-collar 1388 (15%) 1377 (19%) 11 (1%)
rth year
1939–1945 4975 (54%) 4275 (58%) 700 (38%)
1946–1953 4193 (46%) 3053 (42%) 1140 (62%)
tirement year
1994–1999 4154 (45%) 3387 (46%) 767 (42%)
2000–2006 5014 (55%) 3941 (54%) 1073 (58%)
le 2
ribution of combined exposures in the full sample and by gender.
All (n = 9168) (%) Men (n = 7328) (%) Women (n = 1840) (%)
Low psychosocial High psychosocial Low psychosocial High psychosocial Low psychosocial High psychosocial
w biomechanical 2438 (27%) 865 (9%) 1548 (21%) 375 (5%) 890 (48%) 490 (27%)
oderate biomechanical 2015 (22%) 674 (7%) 1767 (24%) 521 (7%) 248 (13%) 153 (8%)gh biomechanical 2247 (25%) 929 (10%) 2215 (30%) 902 (21%) 32 (2%) 27 (1%)
E.L. Sabbath et al. / Advances in Life Course Research 18 (2013) 235–243240psychosocial exposure, the gender difference was not
signiﬁcant. Patterns were similar across the other out-
comes, though no other gender difference reached
statistical signiﬁcance.
In a sensitivity analysis, we repeated the main analyses
using a continuous estimate of biomechanical exposure-
years. Results were similar to the categorical estimates
presented here. However, because of skewed distribution
of the continuous variable, it was necessary to log-
transform the continuous exposure metric prior to
analysis. As the logged continuous parameter estimates
are cumbersome to interpret and perform similarly to the
categorical estimates, we have opted to present the latter
in our tables.
4. Discussion
The present study sought to examine separate and joint
associations between biomechanical and psychosocial
occupational exposures during working life and functional
health in retirement. We found that individually, both high
biomechanical and high psychosocial exposures signiﬁ-
cantly predicted disability, the former in a graded pattern.
Considered jointly, those with both high biomechanical
and high psychosocial exposure had greater risk for
disability than those with either one exposure or the
other, with limited evidence of departure from additivity.
In gender-stratiﬁed analyses, we observed some evidence
that high levels of biomechanical exposures may have a
stronger effect on women’s subsequent physical function-
ing than on men’s. To our knowledge, this is one of the
ﬁrst studies to examine the post-retirement effects of
combined effects of biomechanical and psychosocial
exposures on functional outcomes.
The analysis has several limitations. First, as discussed
previously, although we had a lifetime quantiﬁcation of
biomechanical exposures, we did not have a career-long
metric of psychosocial exposure, creating a mismatch
between the two types of exposure assessments. Second,
although we did have a lifetime measure of biomechanical
exposures, we do not know when during the career
exposures occurred and thus were unable to account for
either attenuation of effect over time or latency periods. In
the current analysis we focus on a pooled metric of
multiple biomechanical strains, in order to capture the
overall effect of these exposures on subsequent health
outcomes. However, it is important for future research to
look at the long-term interactive effects of psychosocial
exposures with speciﬁc biomechanical exposures, in order
to elucidate potential mechanisms and to develop inter-
ventions.
The study used data accrued over multiple waves, and
each year response to the GAZEL survey is approximately
75%; the non-responding group is different each year.
However, because we chose to do a complete-case analysis
there is risk of selection into the study group. We found
that those who were eligible for but did not participate in
the outcome assessment were more likely to be in lower
socioeconomic groups (20% blue-collar versus 15%). As
those in lower occupational classes were more exposed to
both biomechanical and psychosocial hazards, and poor
health was a main predictor of non-response in the entire
cohort (Goldberg, Chastang, Zins, Niedhammer, & Leclerc,
2006), the sample may be both less exposed and healthier
than the underlying population, potentially creating an
Table 3
Associations (RR, 95% CI) between exposure to occupational strains and functional disability after retirement.
Physical functioning difﬁculties Role limitations due to physical
difﬁculties
Bodily pain
Crude Adjusted* Crude Adjusted* Crude Adjusted*
Physical exposures
Low 1.0 1.0 1.0 1.0 1.0 1.0
Moderate 0.97 (0.87, 1.08) 1.24 (1.10, 1.39) 1.05 (0.93, 1.18) 1.20 (1.06, 1.36) 0.95 (0.87, 1.03) 1.14 (1.04, 1.25)
High 1.01 (0.91, 1.12) 1.52 (1.33, 1.74) 1.31 (1.18, 1.45) 1.8 (1.38, 1.81) 1.14 (1.05, 1.23) 1.49 (1.35, 1.65)
Psychosocial exposures
Low 1.0 1.0 1.0 1.0 1.0 1.0
High 1.37 (1.25, 1.51) 1.30 (1.18, 1.42) 1.38 (1.26, 1.51) 1.35 (1.23, 1.48) 1.33 (1.23, 1.43) 1.23 (1.14, 1.32)
* Adjusted for age, sex, occupational grade at 35, and educational attainment.
Table 4
Fully adjusted* RR (95% CI) for association between combined physical and psychosocial exposures and functional health outcomes in retirement.
Physical functioning difﬁculties Role limitations due to physical
difﬁculties
Bodily pain
Low psychosocial High psychosocial Low psychosocial High psychosocial Low psychosocial High psychosocial
Low biomechanical 1.0 1.18 (1.01, 1.37) 1.0 1.33 (1.13, 1.58) 1.0 1.20 (1.06, 1.34)
Moderate biomechanical 1.18 (1.02, 1.35) 1.56 (1.33, 1.83) 1.18 (1.02, 1.37) 1.59 (1.33, 1.90) 1.11 (0.99, 1.24) 1.41 (1.24, 1.61)
High biomechanical 1.42 (1.21, 1.65) 1.91 (1.61, 2.26) 1.56 (1.33, 1.82) 2.01 (1.70, 2.39) 1.47 (1.31, 1.65) 1.73 (1.52, 1.96)
RERI** 0.32 (0.00, 0.62) 0.12 (0.21, 0.44) 0.06 (0.18, 0.28)
* Adjusted for age, sex, occupational grade at 35, and educational attainment.
** Comparing effects among those with high biomechanical/high psychosocial, high biomechanical/low psychosocial, and low biomechanical/highpsychosocial. For this analysis, the moderate biomechanical category is set aside.
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individuals’ retirement age is based upon degree of
workplace biomechanical demands, those with higher
biomechanical exposure may have systematically retired
earlier and thus had more time since last exposure. We
found that among those retiring in the latter portion of the
exposure period (1999–2006), 40% were unexposed to
biomechanical strains and 30% were highly exposed,
whereas among those retiring in the former portion
(1995–1999), 31% were unexposed and 39% were highly
exposed. To account for this discrepancy, we adjusted for
occupational grade, itself the primary determinant of
degree of work difﬁculty and thus retirement age.
The analysis also has several strengths. Studies of health
effects of speciﬁc occupational exposures, particularly
long-term effects, rarely take into account detailed
assessments of other exposures, although occupational
exposures are often correlated with each other (Quinn
et al., 2007); those studies that do consider multiple
exposure types often treat concurrent exposures as
confounders, rather than explicitly modeling combined
effects. Thus, this analysis allowed us to evaluate the
extent to which different exposure combinations pose
distinct risks. In contrast to prior cross-sectional studies of
interactive effects of occupational exposures on health in
still-working populations (Devereux et al., 1999; Devereux
et al., 2002; Vandergrift et al., 2012), our prospective,
longitudinal study design enabled us to observe effects of
combined occupational exposures up to 12 years after
retirement. This conﬁrmed that, both separately and
combined, these occupational risk factors are associated
with post-retirement disability. However, since we do not
have repeated measures of functioning in retirement, we
do not know the trajectory of risk; in other words, we
cannot determine whether risk is highest at retirement and
dissipates over time, or, conversely, whether those with
higher cumulative exposures decline more quickly than
those without. This is a topic for future research.
4.1. Long-term effects of combined biomechanical and
psychosocial exposures
This analysis showed that health effects of both
biomechanical and psychosocial occupational exposures
are present years after exposure, when considered both
individually and jointly. A few studies have found that
sustained exposure to biomechanical strain is associated
with disability and functional dependence in old age,
beyond what would be expected in a normal aging process
(Calmels et al., 1998; Descatha et al., 2011). Evidence is
mixed regarding the short-term association between
psychosocial exposures at work and functional health
outcomes such as low-back pain (Hartvigsen, Lings,
Leboeuf-Yde, & Bakketeig, 2004; Kerr et al., 2001).
However, a recent study found some sustained effects of
psychosocial strain during working life on functional
health after retirement (Wahrendorf et al., 2012).
Our study found modest evidence for departure from
additive effects of biomechanical and psychosocial strains
on later disability. However, even in models without
signiﬁcant super-additive effects, at each level ofSe
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generally greater among those who also had high
psychosocial exposures (with the possible exception of
women highly exposed to biomechanical constraints).
There are several possible mechanisms for why this may
happen; for example, psychosocial demands may lead to
muscular tension that exacerbate the effects of bio-
mechanical demands (National Institute of Occupational
Safety & Health, 1997). Repetitive exposure to such
combined strains may, over time, produce risk factors
for disability even after the individual has left the
workforce and exposure has ceased.
4.2. Gender differences in effects of individual and combined
exposure?
When considering whether individual and joint effects
of exposure on disability were different for men and
women, it is important to note that distributions of
exposures vary by gender (see Table 1), and that women
with the highest biomechanical exposure (3% of women)
may be highly selected group. Additionally, there are few
women (n = 27) exposed both to high biomechanical and
high psychosocial strains, though more women had
moderate biomechanical and high psychosocial strains
(n = 153). Finally, conﬁdence intervals for gender-stratiﬁed
effect estimates often overlapped, and thus there are few
meaningful differences by gender. We found that, when
considering biomechanical exposures alone, women ex-
posed to high levels of biomechanical constraints tended to
have a greater risk of physical functioning limitations than
with men who had the same exposure proﬁle, though the
only signiﬁcant difference by gender is for physical
functioning difﬁculties. Conversely, among those with
high levels of psychosocial constraints, men tended to have
a greater risk for disability than women, though no gender
difference was signiﬁcant. After stratifying the high
biomechanical exposure group by level of psychosocial
constraints, we found that risk for physical functioning
difﬁculties was signiﬁcantly greater for women than for
men among those with low psychosocial exposure, but did
not vary by gender among those highly exposed to both.
It has been suggested that occupational exposure
assessment tools for biomechanical strain may systemati-
cally perform differently for men and women (Kennedy &
Koehoorn, 2003). This effect could be attributable to true
differences in biomechanical exposure levels by gender;
for example, due to generally smaller body size and use of
equipment sized for men, women may have to reach or
strain to complete tasks, experiencing more short- and
long-term injuries than men at the same level of assessed
exposure (Messing et al., 2003). This may explain our
ﬁnding that at the highest level of biomechanical exposure,
risk for physical functioning limitations was higher for
women than for men with the same exposure proﬁle.
The job strain model of occupational stress has been
shown to predict health outcomes among men, most
notably cardiovascular disease, but results are less
consistent among women (Lee, Colditz, Berkman, &
Kawachi, 2002; Vermeulen & Mustard, 2000). In accor-
three health outcomes, men exposed to high psychosocial
strains at work tended to have higher risk for future
disability than women with the same level of exposure,
though the gender differences were not signiﬁcant. In
GAZEL, women working in male-dominated environments
may be subject to psychosocial stressors, such as sexual
harassment or discrimination, not captured by general
measures such as the JCQ. Thus, it is possible that there is a
discrepancy between actual and measured psychosocial
strain among women.
In future occupational epidemiologic studies, stratify-
ing in addition to adjusting for gender may be beneﬁcial,
and exposure assessment tools may require modiﬁcation.
5. Conclusion
We found that combined biomechanical and psychoso-
cial workplace exposures during working life predict three
disability-related outcomes after retirement, and for
physical functioning disability, effects were more than
additive. These ﬁndings extend prior research by ﬁnding
that the effects of combined exposures exist not only during
working life, but are also present up to 12 years after
retirement. Furthermore, our ﬁndings suggest that men and
women may experience different risks for poor functional
health associated with biomechanical and psychosocial
exposures, and thus stratiﬁed analyses and better exposure
assessment tools may be necessary. Our results may help
inform future biomechanical interventions; by also addres-
sing psychosocial factors, such interventions could have a
stronger effect on later-life health.
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